The global ocean circulation is forced by large-scale fluxes at the surface and dissipated at small scales by diffusion. To achieve a long-term equilibrium requires a dynamical route that transfers energy from large to dissipative scales. The submesoscale ageostrophic motions (1-50 km) have been hypothesized recently to play a critical role in this route by extracting energy from mesoscale eddies (50-500 km) that contain the majority of oceanic kinetic energy. By combining global surface velocity measurements by drifters and satellite altimeter-tracked eddy data set, we show that the submesoscale ageostrophic kinetic energy exhibits unexpected global mean features through the life cycle of mesoscale eddies. The ageostrophic energy is relatively small in eddy's mature phase but is large both in formation/decaying phases. Furthermore, the energy level of ageostrophic motions depends positively on the local geostrophic strain rate, suggesting that the geostrophic deformation field may dictate the energy transfer from mesoscale eddies to submesoscale motions.
Introduction
The oceanic general circulation is forced externally by fluxes of momentum, heat, water, and other materials at the sea surface, with O(1,000 km) or larger scales. Climate equilibrium is necessarily achieved by balancing this input energy through dissipation at very small scale around centimeters, where molecular diffusion is important and effective. A dynamical route to dissipation that traverses all the intervening scales is thus needed to close the whole energy budget, which in return will shape the global oceanic equilibrium state. Mesoscale eddies with horizontal scale of tens to hundreds of kilometers are well known to be the dominant reservoir of kinetic energy of the world ocean (Ferrari & Wunsch, 2009) . They are ubiquitous in existence and, to a lowest order, in geostrophic balance due to the Earth rotation. The mesoscale eddies serve as a principal sink for the energy of planetary-scale mean oceanic circulation through balanced instabilities, for example, the quasi-geostrophic barotropic and baroclinic instabilities (Vallis, 2006) and, by so doing, they play a critical role within the route to dissipation. On the other hand, the balanced mesoscale eddies are characterized by inverse energy cascade (Charney, 1971 ) that transfers energy back to larger-scale motions and cannot provide an effective energy route to smaller scales. The key issue here is how the balanced mesoscale flows break the constraint of geostrophic balance and transfer energy to smaller scales (Qiu et al., 2017 (Qiu et al., , 2018 . This is where the submesoscale ageostrophic motions can play a central role.
The approximate scale range for submesoscale flow is 1-50 km in the horizontal and 1-10 days in time, for which the geostrophic balance can no longer be held, resulting in substantial ageostrophic motions and allowing forward energy cascade to smaller scales McWilliams, 2016) . The submesoscale ageostrophic motions cover a wide range of dynamical processes: They include ageostrophic wave motions, such as near inertial waves and internal gravity waves, and nonwave motions, such as the ageostrophic submesoscale vortices and filaments, and the Ekman flow by air-sea interactions (Chelton, 2013; Gaube et al., 2015; Renault et al., 2016) . Arising from processes like wave-current interactions and submesoscale instabilities, such as frontogenesis (Hoskins, 1982; Hoskins & Bretherton, 1972) , mixed-layer instability (Colas et al., 2013; Fox-Kemper et al., 2008) , symmetric instability (Haine & Marshall, 1998; Thomas et al., 2013) , or anticyclonic-ageostrophic instability (McWilliams, 2008; McWilliams & Yavneh, 1998; Molemaker et al., 2005) , submesoscale ageostrophic motions are dynamically important because they determine the equilibrium state through releasing of available energy contained within the mesoscale balanced motions. Additionally, the submesoscale processes are also crucial to how the surface ocean communicates with the subsurface interior ocean, affecting the mixed layer development and upper-ocean thermal anomalies, and achieving efficient exchanges with the permanent thermocline (Boccaletti et al., 2007; Callies et al., 2015; Fox-Kemper et al., 2008; Klein et al., 2008; Lapeyre et al., 2006; Sasaki et al., 2014) .
Despite the crucial importance of the submesoscale processes, their relatively short spatiotemporal scales present an observational barrier that delayed a comprehensive dynamical understanding. Moored arrays and ship surveys are typically too expensive to provide the spatial sampling needed for synoptic observations at these scales. As one of the most important satellite remote sensing methods, the currently operating altimeters miss the submesoscale footprint because of the 100-to 300-km spacing between the satellite ground tracks. Difficulties associated with the simultaneous measurement of submesoscale features can be circumvented by Lagrangianly based observations. The Global Positioning System tracked surface drifters nowadays have large enough numbers to achieve a global coverage and can provide accurate real-time position time series (Lumpkin, 2016; Lumpkin et al., 2016; Ohlmann et al., 2017; Poje et al., 2017) . With a typical sampling interval at about 6 hr, the drifters are able to resolve the submesoscale velocity signals at the sea surface globally. It is worth emphasizing that the submesoscale signals captured by drifters contain not only the ageostrophic wave motions but also the submesoscale nonwave motions. While a significant portion of the drifter-measured signals represent near inertia and internal gravity waves (Elipot et al., 2010) , submesoscale fronts and eddies can also be quantitatively observed by the surface drifters (Ohlmann et al., 2017) .
Mesoscale eddies, on the other hand, can be identified and tracked by sequential maps of altimetermeasured sea surface height (SSH) anomaly (SSHA) and the detailed information of eddy's life cycle is readily accessible (Chelton et al., 2011; Samelson et al., 2014) . Since the energy level of mesoscale eddies experiences substantial variations during different phases of their life cycle and the submesoscale motions are expected to depend on the evolution of the mesoscale eddies, we now have a unique opportunity to explore the connection between the submesoscale ageostrophic energy level and the variation of mesoscale geostrophic eddies based on observational data. The main focus of this paper is to investigate this connection by combining global-coverage drifter measurements and the altimeter-tracked mesoscale eddies data sets. Here we show that the submesoscale ageostrophic kinetic energy exhibits an unexpected evolution through the eddy life cycle. In addition, the energy level of submesoscale ageostrophic motions is found to depend positively on the local mesoscale deformation strain rate: The stronger the deformation flow field, the higher the ageostrophic kinetic energy level.
Data and Methods

Altimetry and Eddy Tracking Data Set
The delay time altimetry product provided by Archiving Validation and Interpretation of Satellite Oceanographic data (AVISO) Version 3 is used here. This multiple-satellite-merged data set contains the global gridded SSH, SSHA, and sea surface geostrophic velocity anomaly (u g , v g ) data with a (¼)°resolution for every 7 days from October 1992 to April 2012. Based on the altimetry data set, a 19.5-year eddy identification and tracking data set is provided by automatic eddy identification and tracking algorithm (Chelton et al., 2011) . This eddy identification and tracking data set provides the longitude, latitude, time, eddy radius R 0 , and polarity information of a total of 215,184 eddy observations in the global ocean.
Surface Drifter Data
The surface drifter data used here is provided by the Drifter Data Assembly Center of National Oceanic and Atmospheric Administration. The Drifter Data Assembly Center assembles and provides uniform quality control of surface velocity data by satellite-tracked surface drifting buoy observations. The surface velocity measurements are provided for every 6 hr from year 1993 to 2011 and have a global coverage containing a total of 22,249,337 observational data points (see supporting information).
Geostrophic Kinetic Energy and Strain
The eddy surface geostrophic kinetic energy is computed as E g (t) = V g 2 /2, where V g is the averaged geostrophic speed observed by altimeter within a ring-shaped area around the eddy. In order to take eddy's deformation into account, this ring-shaped area is enclosed by two closed SSHA contours around the eddy center: η R05 and η R15 , where η R05 (η R15 ) denotes the averaged SSHA value along the circle with a radius 0.5×R 0 (1.5×R 0 ) around the eddy center. For an eddy with life span T e , the time t starts from its formation moment can be normalized by T e to get the normalized time t n = t/T e , where t n = 0 at the eddy formation moment and t n = 1 at its ending moment. The eddy's energy can be averaged within the period of 0.3 < t n < 0.7 to get its mature-phase average energy E ave , which is a constant for an individual eddy. The eddy energy time series can be normalized as E gn (t n ) = E g (t/T e )/E ave . In order to composite the normalized kinetic energy curve through the eddy life cycle, the normalized eddy kinetic energy is averaged over t n for all available eddies identified by the tracking algorithm. All errors in this study are estimated by the standard error of the mean value as Std/N 1/2 , where Std and N are the standard deviation and data number used to compute the average, respectively.
The geostrophic strain rate S g is computed using the surface geostrophic velocity anomaly (u g , v g ) from the altimeter data:
For each eddy, the strain rate time series S g (t) is also computed by averaging within the ring-shaped area around the eddy center. Similar to the eddy kinetic energy, the strain rate is also normalized by the mature-phase average energy S n (t n ) = S g (t/T e )/E ave and its composition is obtained by averaging over t n for all available eddies.
Ageostrophic Kinetic Energy
The drifters observe the absolute horizontal velocity u ! at the ocean surface (Lumpkin, 2016; Lumpkin et al., 2016; Ohlmann et al., 2017; Poje et al., 2017) . The focus of this study is to investigate the submesoscale ageostrophic motions associated with the mesoscale eddies, for example, the inertial gravity waves or the nonwave submesoscale filaments. In order to extract the signals of the ageostrophic motions, we define the ageostrophic velocity as u
where u ! g is the simultaneous geostrophic velocity at the drifter location estimated from the altimeter data, and u ! 0 is the climatological mean surface velocity computed from the drifter absolute velocity u ! . Although the geostrophic velocity used here will introduce errors from altimeter observations, this will not change the results of this study fundamentally (see discussion in section 3.2). Considering that the ageostrophic velocity component of the mesoscale eddies in gradient-wind balance, or by cyclogeostrophic effect (Penven et al., 2014) , can also be contained in u ! a , a high-pass filter is used to eliminate this balanced ageostrophic component in u ! a . Constrained by the Lagrangian drifter observation, only temporal filter rather than temporal-spatial filter (Lu et al., 2016) can be used. As the typical time scale of the oceanic submesoscale processes is about 1-10 days, the cutoff period of our high-pass filter is set to 7 days, which is longer than most of the unbalanced submesoscale ageostrophic motions and, at the same time, substantially shorter than the typical evolution time scale of mesoscale eddies (see supporting information Text S3 for sensitivity of this cutoff period). By applying the high-pass filter to u ! a , the high-pass-filtered ageostrophic velocity u ! HP is obtained that we consider representing the unbalanced submesoscale ageostrophic motions. The residual velocity u
HP can be treated as the low-pass-filtered ageostrophic velocity, containing the mesoscale eddy's ageostrophic components in gradient-wind balance (see supporting information).
The total, high-pass and low-pass ageostrophic kinetic energy values are defined as E a = u a 2 /2, E HP = u HP 2 /2 and E LP = u LP 2 /2, respectively. The global gridded mean values and standard deviations of the absolute, highpass and low-pass ageostrophic kinetic energy are calculated with a 2°a verage window: E a0 /E astd , E HP0 /E HPstd and E LP0 /E LPstd . In order to remove the influence of regional differences in the ageostrophic kinetic energy, the time series are standardized with their local mean and standard deviations: E as = (E a À E a0 )/E astd , E HPs = (E HP À E HP0 )/E HPstd and E LPs = (E LP À E LP0 )/ E LPstd . In order to composite the horizontal distribution of ageostrophic kinetic energy around mesoscale eddies, the drifter location is projected onto an eddy-centered coordinate first. Specifically, if the horizontal location of a given drifter is (x, y), and if the location of its nearest simultaneous eddy center is (x c , y c ), the normalized projected drifter location is given by (x n , y n ), where x n = (x À x c )/R 0 and y n = (y À y c )/R 0 . Using the normalized eddy center coordinate, the standardized absolute, high-pass and lowpass ageostrophic kinetic energy are then composited to evaluate E as (x n , y n ), E HPs (x n , y n ) and E LPs (x n , y n ). To compute the temporal evolution of ageostrophic energy around mesoscale eddies, we first select all available drifter data within the ring-shaped area around the eddy center. Take the high-pass-filtered ageostrophic kinetic energy E HP (t), for example, similar to the eddy geostrophic energy and strain rate, the ageostrophic energy is normalized by the mature-phase average geostrophic energy of the mesoscale eddy E HPn (t n ) = E HP (t/T e )/E ave . The composited evolution of the high-pass ageostrophic energy through the eddy life cycle is finally obtained by averaging E HPn over t n .
Results
Geostrophic Energy and Strain Evolution
Evolution of eddy kinetic energy level through its life circle can be obtained by using only the altimetry data. While individual eddies can change their energy level significantly on time scales of weeks even during their mature phases, consistent features of their energy evolution can emerge when a large number of eddies are composited, including the constant energy level during eddy's mature phase (Samelson et al., 2014) . By compositing the normalized kinetic energy E gn (t n ) of all eddies, the black curve in Figure 1a shows the evolution of geostrophic kinetic energy level of the mesoscale eddies: The eddy kinetic energy experiences a fast increase in the formation phase (t n < 0.3), remains at a relatively stable high level in the mature phase (0.3 < t n < 0.7), and drops rapidly in the final decaying phase (t n > 0.7). The blue and red curves in Figure 1a show E gn (t n ) for the cyclonic and anticyclonic eddies, respectively. These two curves overlap with each other, indicating the features of kinetic energy evolution through the eddy life cycle are not sensitive to the eddy polarity.
Submesoscale processes can arise dynamically through nonlinear interactions between mesoscale eddies, and its key characteristic is the ageostrophic component in the flow field. In order to break the constraint of geostrophic balance, the strain rate of the mesoscale geostrophic flow field could play a central role. In particular, the geostrophic strain field acts to continuously squeeze the fluid in one direction and stretch it in the perpendicular direction. When the scale along the squeezing direction become small enough and the geostrophic balance can no longer be held, submesoscale ageostrophic motions emerge (Thomas, 2012) . Thus, large strain rate of the geostrophic stirring field favors the development of submesoscale perturbations in Figure 1 . Temporal evolution of eddy kinetic energy and strain rate. (a) Composited curves of normalized surface eddy kinetic energy as a function of eddy life cycle. The vertical coordinate is normalized geostrophic kinetic energy level and the horizontal coordinate is the normalized time of eddy life cycle t n . For each eddy, its surface eddy kinetic energy E g (t) is normalized by its average value in eddy's mature phase (0.3 < t n < 0.7) to get the normalized time series E gn (t n ). The black curve represents the result averaged of all eddies, and the red and blue curves for anticyclonic and cyclonic eddies, respectively. The light gray shadings represent the envelope of the error bars of all three curves. (b) Composited curves of normalized strain rate S n as a function of eddy life cycle. The vertical coordinate is normalized geostrophic strain rate S n , and the horizontal coordinate is still t n . The strain rate is also normalized by averaged eddy kinetic energy in mature phase. The unit for S n is m À2 ·s. The black curve represents the result averaged of all eddies, and the red and blue curves for anticyclonic and cyclonic eddies, respectively. The lightcolored shadings represent the error bars of each curve.
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ZHANG AND QIUvarious instability theories Hoskins, 1982; Hoskins & Bretherton, 1972; McWilliams, 2008 McWilliams, , 2016 McWilliams & Yavneh, 1998; Molemaker et al., 2005) . Since the strong strain rate is expected to be located around the eddy edges where the strongest interactions between eddies occur, only the strain rate within the ring-shaped area around the eddy center is taken into account in our analysis.
The normalized strain rate S n (t n ) through the eddy life cycle is shown in Figure 1b . It exhibits a striking feature: The strain rate is large in the formation and decaying phases of the eddies and weak in the mature phase. From a physical perspective, the mesoscale eddy tends to be more stable in its mature phase and can resist deformation induced by nearby eddies and background currents; hence, the strain rate in the mature phase can be expected to be relatively small when compared to the formation/decaying phases. Another important feature revealed in Figure 1b is that the strain rate of the anticyclonic eddies is larger than that of the cyclonic eddies. One possible explanation for this is that the anticyclonic eddies have a tendency to break down more easily than cyclonic eddies partly due to the symmetric instability (Haine & Marshall, 1998; Thomas et al., 2013) or anticyclonic-ageostrophic instability (McWilliams & Yavneh, 1998) . The anticyclonic eddies are thus more vulnerable to deformation and the strain rate is likely to be larger for anticyclonic than cyclonic eddies. Given that the larger strain rate favors the development of submesoscale perturbations, it is expected that the submesoscale ageostrophic energy level will be higher in the formation/decaying phase than the mature phase of mesoscale eddies and that the anticyclonic eddies may have stronger submesoscale ageostrophic motions than the cyclonic eddies. This is indeed the case as shown in following section.
Ageostrophic Energy Distributions and Evolution
If the submesoscale ageostrophic energy has a dynamical connection with mesoscale eddies, distinguishable horizontal distribution patterns of the ageostrophic energy are expected within the eddy-occupied areas. Figures 2a to 2c show the distributions of the composite total, high-pass-and low-pass-filtered ageostrophic kinetic energy in the eddy center coordinates. An obvious feature of the distributions is that the high ageostrophic energy band is located within a ring-shaped area around the eddy, where the strain rate is expected to be large. It is noticeable that the high-pass-filtered ageostrophic kinetic energy E HPs (Figure 2b ) has almost the same horizontal distribution as the total energy E as (Figure 2a) . Additionally, the amplitude of the nonstandardized high-pass kinetic energy is several times larger than the low-pass-filtered kinetic energy (not shown). This means that the major part of the total ageostrophic energy E a is given by the high-pass component E HP . These results are not sensitive to the polarity of eddies (see supporting information). Considering that the E HP represents the energy level of unbalanced submesoscale ageostrophic motions, we will focus on E HP in following analysis. Figure 2d shows the temporal evolution of the normalized, high-pass ageostrophic energy E HPn through the eddy life cycle for all eddies and cyclonic versus anticyclonic eddies. The composite E HPn level tends to be higher in the formation/decaying phases than the mature phase of mesoscale eddies, and the anticyclonic eddies have stronger submesoscale ageostrophic energy than the cyclonic eddies, which can be expected from the strain rate evolution through the eddy life cycle (recall Figure 1b) . It is worth noting that since the energy level of the ageostrophic motions is relatively small in eddy's mature phase when the error of the geostrophic velocities can be expected to be the largest, it implies that the composite results shown in Figure 2d are not due to the altimetry errors.
The results here cannot be explained by the enhancement of near inertial waves in anticyclones (Elipot et al., 2010; Kunze, 1985) or the mixed-layer instability. In contrast, the frontogenesis and anticyclonic-ageostrophic instability all suggest possible connection between the geostrophic strain field and the ageostrophic kinetic energy level, which is hinted by the combined result of Figures 1b and 2d . Although identifying the responsible instability theory is beyond the scope of this paper, the quantitative connection between the geostrophic strain field and the ageostrophic kinetic energy level around mesoscale eddies can be assessed purely by observational data. In order to investigate this connection, only the data point within the eddyedge ring-shaped area is taken into account. The curve in Figure 2e shows a clear tendency for the submesoscale ageostrophic kinetic energy to increase monotonously with the geostrophic strain rate. There is a possibility that the ageostrophic kinetic energy and the geostrophic strain rate could both be larger around stronger mesoscale eddies, and it is the increased amplitude of the mesoscale eddies that causes the Spatial and temporal variation of ageostrophic kinetic energy. Distribution of the standardized (a) total ageostrophic kinetic energy E as (x n , y n ), (b) highpass ageostrophic kinetic energy E HPs (x n , y n ), and (c) low-pass ageostrophic kinetic energy E LPs (x n , y n ) composited in the normalized eddy center coordinate (x n , y n ) for all available eddies. All the standardized ageostrophic kinetic energy time series are computed from the drifter data, and then projected onto the eddy center coordinate. (d) Temporal evolution of ageostrophic kinetic energy through eddy life cycle. The vertical coordinate is normalized high-pass ageostrophic kinetic energy, and the horizontal coordinate is the normalized time relative to the eddy formation moment t n . The black line represents the result for all eddies. The red and blue curves for the anticyclonic and cyclonic eddy, respectively. The light-colored shadings represent the error bars of each curve. The high-pass ageostrophic kinetic energy is normalized by averaged eddy kinetic energy in its mature phase. (e) Curve of high-pass-filtered ageostrophic kinetic energy E HP changing with the geostrophic strain rate S g . The red, blue, and black curves represent the averaged value of E HP for anticyclonic, cyclonic, and all eddies, respectively. The gray range represents the envelope of their error bars. (f) Curves of normalized high-pass-filtered ageostrophic kinetic energy E HPn changing with the normalized geostrophic strain rate S n . Both of them are normalized by simultaneous nearest eddy mature-phase averaged kinetic energy. Both curves are averaged for available drifter data within the ring-shaped area around eddy.
increasing trend in Figure 2e . In order to rule out this possibility, we normalize both the ageostrophic energy and geostrophic strain rate by the eddy mature-phase averaged energy. The normalized curve shown in Figure 2f reveals that the normalized submesoscale ageostrophic kinetic energy also increases monotonously with the normalized geostrophic strain rate. This suggests that irrespective of the strength of a mesoscale eddy, a stronger geostrophic strain is likely to accompany with a higher energy level of submesoscale ageostrophic motions. These results are not sensitive to the polarity of eddies, as shown in Figures 2e and 2f. 
Summary and Discussion
From a traditional point of view, when instabilities cause an energy transfer from mesoscale eddies to submesoscale motions, the decaying of mesoscale eddies will be accompanied by an enhanced ageostrophic kinetic energy. Thus, it is expected that the submesoscale ageostrophic energy is intensified during eddy's decaying phase as shown in Figure 2d . The unexpected result is that the submesoscale ageostrophic energy is also intensified during the formation phase of eddies, indicating that an effective increase of submesoscale ageostrophic energy occurs not necessarily at the expense of decaying mesoscale eddies. Our results here suggest that when mesoscale eddies are vulnerable to external deformation and exhibit larger energy variations in their formation/decaying phases, the conditions become favorable for higher energy level of submesoscale ageostrophic motions.
The geostrophic eddies are relatively strong in regions where the energetic larger-scale currents are unstable. On one hand, the high geostrophic energy level within these regions provides energy sources for development of submesoscale ageostrophic motions. On the other hand, these regions are characterized by energetic background currents and abundant mesoscale eddies, and the regional eddy-eddy and eddy-mean flow interactions are expected to be similarly vigorous. The resulted strong geostrophic strain rate within these regions, as shown in Figure 3b , can provide favorable conditions inductive for the high-energy-level submesoscale motions. With sufficient energy sources and favorable conditions, the ageostrophic energy ·s. These parameters are averaged on a 2°× 2°global grid with a 4°× 4°moving average window by using all available drifter and altimetry data.
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level within these regions is also high as shown in Figure 3a . Although there is a general consistence between the global distributions of the ageostrophic kinetic energy and the geostrophic strain rate, there exist also visible exceptions, for example, a high ageostrophic energy level, but with low strain rate, appears in the eastern tropical Pacific, which emerge from the tropical instability waves (Qiao & Weisberg, 1995) . These exceptions indicate that the strain rate may not be the only factor determining the ageostrophic energy level, and more comprehensive investigations are called for in future studies.
The ageostrophic energy level Figure 3a is relatively high in two particular regions, the northeast corner of the North Pacific and the southeast corner of the South Pacific, where the energy level of mesoscale eddies reaches the global minimum. The northeast corner of the North Pacific is even known as the eddy desert (Chelton et al., 2007) . As shown in Figure 3c , the global distribution of the normalized ageostrophic energy E HPn exhibits two high-value centers located just at the northeast corner of the North Pacific and the southeast corner of the South Pacific. This means that the conditions within these regions are favorable for high submesoscale ageostrophic energy level. From the results of Figure 2f , it is expected that the strain rate should also be relatively large as compared to the local geostrophic eddy energy level within these two particular regions. In order to test this hypothesis, we show in Figure 3d the distribution of the normalized strain rate S n and the two regions exhibit high-value centers. This result indicates that the existence of strong eddies may not be an inductive condition for strong submesoscale ageostrophic motions; in contrast, it is the large strain field that serves as the key element for enhanced submesoscale ageostrophic motions, especially in where the background geostrophic energy level is relatively low.
Our present results do not provide comprehensive answers to what determines the forward energy cascade to submesoscale ageostrophic motions. Instead, by focusing on the ageostrophic energy variations through the eddy life cycle and by establishing the connection between the ageostrophic energy and geostrophic strain field, we hope to motivate future studies to gain a better dynamical understanding of the energy balance of the ocean circulation system, especially when the next-generation Surface Water Ocean Topography satellite mission can provide simultaneous observations of mesoscale eddies and submesoscale signals with a horizontal resolution down to~15 km (Fu & Ferrari, 2008; Morrow & Fu, 2011; Rogé et al., 2017) . Additionally, the results here also provide an observational baseline for the eddy-resolving climate models to test whether they correctly simulate the forward energy cascade from mesoscale eddies to submesoscale ageostrophic motions, especially through the different phases of eddy life cycle.
